Alveolar rhabdomyosarcomas (ARMS) are aggressive softtissue sarcomas affecting children and young adults. Most ARMS tumors express the PAX3-FKHR or PAX7-FKHR (PAX-FKHR) fusion genes resulting from the t(2;13) or t(1;13) chromosomal translocations, respectively. However, up to 25% of ARMS tumors are fusion negative, making it unclear whether ARMS represent a single disease or multiple clinical and biological entities with a common phenotype. To test to what extent PAX-FKHR determine class and behavior of ARMS, we used oligonucleotide microarray expression profiling on 139 primary rhabdomyosarcoma tumors and an in vitro model. We found that ARMS tumors expressing either PAX-FKHR gene share a common expression profile distinct from fusion-negative ARMS and from the other rhabdomyosarcoma variants. We also observed that PAX-FKHR expression above a minimum level is necessary for the detection of this expression profile. Using an ectopic PAX3-FKHR and PAX7-FKHR expression model, we identified an expression signature regulated by PAX-FKHR that is specific to PAX-FKHR-positive ARMS tumors. Data mining for functional annotations of signature genes suggested a role for PAX-FKHR in regulating ARMS proliferation and differentiation. Cox regression modeling identified a subset of genes within the PAX-FKHR expression signature that segregated ARMS patients into three risk groups with 5-year overall survival estimates of 7%, 48%, and 93%. These prognostic classes were independent of conventional clinical risk factors. Our results show that PAX-FKHR dictate a specific expression signature that helps define the molecular phenotype of PAX-FKHR-positive ARMS tumors and, because it is linked with disease outcome in ARMS patients, determine tumor behavior.
Introduction
Rhabdomyosarcomas are the most common soft-tissue sarcomas of childhood, consisting of a highly heterogeneous family of tumors that show varying degrees of skeletal muscle differentiation (1) . Although the etiology and cell-of-origin of rhabdomyosarcoma remain speculative, as rhabdomyosarcoma tumors are found at diverse anatomic sites not obviously associated with skeletal muscle, rhabdomyosarcoma is thought to arise from primitive mesenchymal progenitors that have undergone a limited program of myogenic differentiation (2) . Similar to other pediatric tumors, such as acute myeloid leukemia, this diverse group of tumors has several histologic and genetic subtypes that are clinically associated with diverse patient outcomes (3) . Embryonal rhabdomyosarcoma (ERMS) and the morphologic spindle/botryoid variants are associated with intermediate and superior patient prognosis, respectively. In contrast, alveolar rhabdomyosarcoma (ARMS) is an aggressive variant with a high frequency of metastasis at the time of initial diagnosis; therefore, patients with these tumors have a worse prognosis (3) (4) (5) .
Cytogenetic analysis of ARMS tumors has identified two distinct chromosomal translocations that are used for the differential diagnosis from ERMS as well as the other childhood solid tumors. The t(2;13) translocation, which generates a chimeric gene fusing PAX3 on chromosome 2 to FKHR on chromosome 13, is found in f55% of the tumors. A variant t(1;13) translocation leads to the fusion of PAX7 on chromosome 1 to FKHR and is found in 22% of these tumors (6) . Despite exhibiting the classic alveolar histology, however, f25% of ARMS tumors lack either translocation. In fact, it seems that these fusion-negative ARMS tumors are more similar to ERMS tumors with respect to other covariates, such as age at diagnosis and patient survival (7) . Furthermore, there are indications that PAX3-FKHR and PAX7-FKHR ARMS tumors represent high-and low-risk subgroups, respectively, among patients presenting with metastatic disease (6, 8) . Lastly, there are a few rhabdomyosarcoma tumors displaying mixed alveolar/embryonal histology. The PAX3-FKHR or PAX7-FKHR (PAX-FKHR) chromosomal translocations are observed in only some of these mixed histology tumors (9) . Presently, tumors with any evidence of alveolar histology are considered to be one pathologic entity, although it is clear that they are genetically and clinically heterogeneous.
The PAX-FKHR fusion proteins contain the NH 2 -terminal region, including the intact paired domain and homeodomain DNAbinding elements of PAX3 or PAX7, and the potent COOH-terminal transactivation domain of FKHR (10) . The forkhead DNA-binding domain of FKHR is truncated in the fusion protein and does not seem to influence target gene recognition (11) . Transcriptional activity attributed to PAX-FKHR fusion proteins is therefore likely due to deregulation of both wild-type PAX and FKHR function (12, 13) . Several studies have made efforts toward identifying PAX-FKHR target genes using heterologous cell lines, including NIH3T3 fibroblasts (14) , RD ERMS (15) , and SAOS-2 osteosarcoma (16) .
These studies, and others, have shown numerous consequences of PAX-FKHR expression, including activation of a myogenic transcription program (14) , mesenchymal-to-epithelial transition (16) , and transformation and growth suppression (17) . However, few targets have been identified and shown to have relevance to ARMS biology or clinical value in predicting patient outcome.
In the present study, we focused on the role of the PAX-FKHR fusion genes in the diagnosis, tumor behavior, and prognosis of ARMS. First, we addressed the question of the proper diagnostic classification of ARMS tumors. We found that this subgroup of tumors should be grouped by their genotype as determined by the mRNA expression of the PAX-FKHR genes rather than by their morphologic phenotype. Second, to identify the molecular targets of the fusion transcription factors, we characterized a PAX-FKHR expression signature detectable both in tumors and in an in vitro model of ERMS cells expressing PAX-FKHR. To describe the biological role of PAX-FKHR, we mined its expression signature for overrepresented functional annotations and biological networks, finding indications for a role in regulation of proliferation and differentiation through suppression of apoptosis and muscle cell differentiation. Finally, we showed that the expression patterns of a subset of the PAX-FKHR signature genes correlate with patient outcome. Thus, we not only identified novel prognostic markers that are independent of conventional criteria but also showed the importance of PAX-FKHR transcriptional control for the behavior of ARMS. (Supplementary Table S1 ). Histopathologic diagnoses were based on the International Classification of Rhabdomyosarcoma criteria (18) . All tumor samples contained >80% tumor cells. Rhabdomyosarcoma cell lines used for microarray analysis included four embryonal cell lines (TTC-442, TTC-516, Birch, and RD), one alveolar fusion-negative cell line (RH18), and four alveolar PAX3-FKHR fusion-positive cell lines (HR, JR, RH28, and RH30). All cell lines were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA).
Materials and Methods
Retroviral transduction and fluorescence-activated cell sorting. Hemagglutinin (HA) epitope-tagged PAX3-FKHR and PAX7-FKHR (19) were subcloned into the retroviral expression vector murine stem cell virus (MSCV)-internal ribosome entry site (IRES)-green fluorescent protein (GFP; refs. 20, 21). Supernatants containing virus were made in 293T cells by cotransfecting expression vector with plasmids pHIT60 (22) or pCgp (23) encoding gag-pol and pHIT456 (24) encoding amphotropic env. RD cells were transduced with retrovirus, subjected to fluorescence-activated cell sorting (FACS) 48 to 72 hours later for GFP expression, and expanded for RNA and protein isolation.
RNA isolation, expression arrays, and quantitative reverse transcription-PCR. RNA was extracted from frozen tumor tissue using RNA STAT-60 (Tel-Test, Inc., Friendswood, TX) and purified using the RNeasy Protect kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Total mRNA from the transduced polyclones was harvested using TRIzol (Invitrogen). Biotin-labeled cRNA was prepared from total RNA and hybridized to Affymetrix GeneChip Human U133A Expression Arrays according to the manufacturer's protocol (Affymetrix, Santa Clara, CA). To determine PAX-FKHR mRNA expression in primary tumors, aliquots of the microarray in vitro transcription reactions were subjected to quantitative PCR using the QuantiTect SYBR Green PCR kit (Qiagen) on a Smart Cycler (Cepheid, Sunnyvale, CA; see Supplementary Information and Supplementary Fig. S1; ref. 25) .
Immunoblotting. Protein was isolated as described previously (26) . Equal amounts of protein (40 Ag) were fractionated by 7.5% to 12% SDS-PAGE, transferred to Immobilon-P membrane (Millipore, Billerica, MA), and reacted with antibodies against HA (HA.11; Covance, Princeton, NJ) and h-actin (AC-15; Sigma, St. Louis, MO). Immunodetection was done using horseradish peroxidase-conjugated secondary antibodies (Bio-Rad, Hercules, CA) and the enhanced chemiluminescence detection system (Amersham, Piscataway, NJ).
Transient reporter assays. Transfections were done using Lipofect-AMINE and Plus reagent according to the manufacturer's protocol (Invitrogen). For the PRS9 reporter assays, transfections were done using 1 Ag pcDNA3-lacZ and 1 Ag pTK-PRS9 (19, 27) . Cells were harvested 72 hours after transfection, and chloramphenicol acetyltransferase (CAT) assays done as described previously (19) . CAT activity was normalized to hgalactosidase activity; experiments were done within the linear range of the assays and done thrice in duplicate.
Gene expression and survival analysis. All data management and analysis was conducted using the Genetrix suite of tools for microarray analysis (EPIcenter Software, Pasadena, CA). 6 The complete tumor and cell line microarray data set can be found on the National Cancer Institute Cancer Array Database. 7 Probe set modeling and data preprocessing were derived using the Robust Multiarray algorithm implemented within the ProbeProfiler module (28) . ANOVA was used for gene selection in the initial analysis of primary tumors. A semisupervised routine called meta-clustering was implemented that determined cluster centroid identification under leave-n-out sample cross-validation with a fuzzy k-means algorithm. Gene selection for the in vitro PAX-FKHR model system was based on the fold change in the average expression (at least 1.5-fold change) and the associated t test, with a P cutoff of <0.001. Differentially expressed genes identified by analysis of in vitro expression profiles were validated for differential expression in primary tumors with reiterative cross-validation again using the meta-clustering algorithm, except that a t test was used for gene selection between fusion-positive and fusion-negative primary rhabdomyosarcoma tumors. Comparison of survival times was carried out using Kaplan-Meier survival plots and log-rank tests of significance. Prognostic metagenes were created by weighting selected genes by their Cox regression test statistics. Multivariate analysis of metagene predictor scores was done using Cox regression proportional hazards modeling to test for independence from previously characterized clinical risk factors (see Supplementary Information for complete analysis details).
Functional annotation of gene clusters. Functional annotation was done using the Expression Analysis Systematic Explorer (EASE) 8 software package for overrepresentation analysis of functional gene categories and for multidatabase annotation of the differentially expressed genes (29) . Pathway analysis was done with the online Ingenuity Pathways analysis (IPA) tool (version 3.0; ref. 30) . 9 Literature data mining was done with the online PubMatrix tool (31). 10 
Results
PAX-FKHR fusion genes dictate the expression profile of ARMS. The histologic variants of rhabdomyosarcoma are associated with distinct genetic abnormalities and diverse patient outcomes. We therefore hypothesized that each of these rhabdomyosarcoma variants would exhibit specific gene expression patterns and that the molecular expression profiles of these tumors underlie their histopathologic phenotype. To test this, we did microarray analysis on a large data set of primary pretreatment rhabdomyosarcoma tumors (Supplementary Table S1 ). Using a semisupervised class discovery algorithm, called meta-clustering analysis, we generated gene expression profiles for these 139 rhabdomyosarcoma tumors. The k-means algorithm was employed to identify cluster centroids from samples with similar expression profiles and was initialized with k set to 4 using ANOVA for gene selection among the four rhabdomyosarcoma subtypes (alveolar, mixed alveolar/embryonal, embryonal, and spindle/botryoid). This analysis resulted in expression profiles derived from all 22,215 queried probe sets on the Affymetrix U133A GeneChip. After 1,000 rounds of metaclustering, 534 genes represented by 650 probe sets were found to participate in centroid clustering at a false discovery rate of 0.1% (Supplementary Table S2 ). In contrast to our initial hypothesis, the cross-validated data set visualized with a multidimensional scaling plot showed only two, and not four, main tumor clusters (Fig. 1A) . Most of the tumors with alveolar histology, including three of the tumors with mixed alveolar/embryonal histology, clustered together into a dense group away from the origin. Tumors with embryonal or spindle/botryoid histology clustered into a more heterogeneous spread. However, 15 tumors with alveolar or mixed alveolar/ embryonal histology, representing 21% of all the tumors with alveolar histology, clustered with the non-ARMS variants.
Previous studies have shown that the PAX-FKHR genes are expressed in most rhabdomyosarcoma tumors with alveolar histology, although f25% do not express either gene (6, 7) . To determine whether PAX-FKHR expression differences explain why the 15 samples did not cluster among the other ARMS tumors, we measured PAX-FKHR mRNA expression by quantitative reverse transcription-PCR (QRT-PCR) in 59 of the 70 tumors with alveolar or mixed alveolar/embryonal histology ( Supplementary Fig. S1B ). Figure 1B shows the QRT-PCR data superimposed on the unsupervised multidimensional scaling plot. PAX-FKHR-expressing alveolar tumors (orange to pink dots) clustered together, whereas alveolar tumors in which PAX-FKHR expression was not detected (black dots) clustered instead with the other fusion-negative rhabdomyosarcoma tumors. Two tumors (blue dots) with very low but detectable PAX-FKHR expression, at levels below 0.1% of the median PAX-FKHR expression level for all tumors assayed, also clustered with other fusion-negative tumors. Five additional alveolar tumors, for which material was not available for QRT-PCR but were determined previously by conventional RT-PCR analysis to be fusion negative, similarly clustered with the other fusion-negative rhabdomyosarcoma tumors (determined at diagnosis to be fusion negative; see ref. 6 ). These data suggest that despite their common histology PAX-FKHR fusion-positive and fusion-negative ARMS tumors have distinct expression profiles that are dependent on the expression of the PAX-FKHR genes. Furthermore, it seems that a minimum expression level of PAX-FKHR is required in order for a tumor with alveolar histology to cluster among the PAX-FKHRexpressing ARMS tumors.
An in vitro model identifies an expression profile regulated by PAX-FKHR. If PAX-FKHR is in fact a major determinant of the expression profiles of fusion-positive ARMS tumors, we reasoned that ectopic expression of PAX-FKHR in an ERMS cell line would significantly alter its expression profile such that this non-ARMS cell line would now cluster with PAX-FKHR-expressing ARMS cell lines. To test this, we stably expressed PAX3-FKHR and PAX7-FKHR in the embryonal RD cell line using retroviral transduction. Retroviral constructs contained HA-tagged PAX3-FKHR or PAX7-FKHR cDNAs cloned upstream of IRES-GFP sequences, facilitating the rapid screening of transduced cells by FACS ( Fig. 2A) . Four independent polyclonal populations infected with PAX3-FKHR, PAX7-FKHR, or vector control virus were isolated. Expression of PAX-FKHR was detected by Western blot in all of the PAX-FKHR polyclones ( Fig. 2B and C) . Transactivation of the pTK-PRS9 reporter construct (27) , which contains six tandem copies of a consensus PAX and PAX-FKHR binding sequence, in representative PAX3-FKHR and PAX7-FKHR transduced polyclones confirmed the functionality of the ectopic proteins (Fig. 2D ). CAT activity in the PAX3-FKHR-and PAX7-FKHR-expressing cells was 4-fold higher than in vector transduced cells, which showed basal CAT activity due to the presence of endogenous PAX3 and PAX7 (32) . Note that the two tumors with low but detectable PAX-FKHR expression (blue dots ) had median PAX-FKHR expression levels 1,000-fold less than alveolar tumors expressing high levels of PAX-FKHR (orange to pink dots ). Rhabdomyosarcoma samples for which no QRT-PCR data was available are also indicated (gray dots). Note that all non-ARMS tumors were shown at diagnosis to be fusion negative by conventional RT-PCR (data not shown).
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Cancer Res 2006; 66: (14) . July 15, 2006 We next analyzed the microarray expression profiles of these PAX3-FKHR, PAX7-FKHR, and vector transduced RD populations. A simple t test identified 334 genes (represented by 389 probe sets) differentially expressed between the PAX-FKHR populations and the vector populations (Supplementary Table S3 ). Approximately 80% of the 334 genes identified in this screen were defined as ''upregulated, '' showing increased expression in the PAX-FKHRexpressing polyclones relative to vector polyclones, and 68 genes were defined as ''down-regulated.'' Using this in vitro-derived PAX-FKHR expression profile, we next determined how the ectopic expression of PAX-FKHR relates to expression patterns seen in rhabdomyosarcoma-derived cell lines. To do this, we analyzed a panel of established rhabdomyosarcoma cell lines derived from primary tumors, including four PAX3-FKHR-expressing alveolar and five fusion-negative cell lines. Within the 334 differentially expressed genes that comprised the in vitro PAX-FKHR expression profile, we identified a subset of 85 genes (represented by 106 probe sets) that were differentially expressed between the PAX-FKHRexpressing and fusion-negative rhabdomyosarcoma cell lines (Supplementary Table S4 ). Principle component analysis based on the expression of these 85 genes separated the cell lines into two clusters (Fig. 2E ). PAX3-FKHR and PAX7-FKHR transduced RD clustered with the alveolar fusion-positive cell lines. As expected, vector transduced populations clustered with the other fusionnegative rhabdomyosarcoma cell lines. This subset of 85 genes represents f12% of the total variation and therefore reflects only some of the inherent differences between PAX-FKHR-expressing and fusion-negative rhabdomyosarcoma cell lines (data not shown). However, this analysis highlights the fact that the expression profile of an embryonal cell line can be shifted toward that of a fusion-positive alveolar cell line by ectopic expression of PAX-FKHR, resulting from the activation of a PAX-FKHR transcriptional program. Together, our analyses of primary tumors and model cell lines suggest the existence of only two molecular classes of rhabdomyosarcoma. Reflecting these findings, hereafter, we refer to PAX-FKHR-expressing tumors as molecular ARMS (mARMS) and all fusion-negative rhabdomyosarcoma tumors, independent of tumor histology, as molecular ERMS (mERMS).
Identification of a PAX-FKHR expression signature in primary ARMS tumors derived from the in vitro expression profile. Based on the above, we sought to determine whether the in vitro PAX-FKHR expression profile is present in primary ARMS tumors as well. By screening this profile for differential expression between the newly defined mARMS and mERMS tumor classes, we sought to identify genes relevant to the pathobiology of fusionpositive ARMS tumors. As before, we applied the meta-clustering algorithm to identify genes that were differentially expressed: genes were selected using a t test comparison of the mARMS (n = 55) and mERMS (n = 84; including fusion-negative ARMS) cases in a series of 1,000 leave-n-out analyses. The P threshold was set to a value that provided an estimated false discovery rate of 0.1%. Genes selected in at least 50% of these randomized iterations were chosen resulting in a total of 109 genes (f33% of the in vitro expression profile). Of these 109 genes, 28 were expressed incongruently between the transduced polyclones and the primary tumors (i.e., up-regulated by PAX-FKHR expression in RD cells but expressed at decreased levels in PAX-FKHR primary tumors relative to fusionnegative rhabdomyosarcoma tumors or vice versa). These genes were removed from our analysis leaving a PAX-FKHR expression signature consisting of 61 up-regulated and 20 down-regulated genes (Table 1) represented by 102 probe sets. As a measure of the Figure 2 . Identification of a PAX-FKHR expression profile using an in vitro model. A, diagram of the retroviral constructs used to express PAX-FKHR. Three tandem HA epitope tags are represented by the black boxes at the 3 ¶ end of the PAX-FKHR cDNAs. B and C, Western blot analysis of FACS polyclones transduced with vector, PAX3-FKHR, or PAX7-FKHR retrovirus. PAX-FKHR expression was determined using an anti-HA antibody. h-Actin was used as a loading control. D, transactivation of the pTK-PRS9 reporter construct in representative vector, PAX3-FKHR , and PAX7-FKHR polyclones confirmed the functionality of the ectopic proteins. The activity in the vector polyclone was arbitrarily set to 1, with all other activities related to this value. Columns, mean of multiple experiments; bars, SD. E, principal components (PC ) analysis of rhabdomyosarcoma cell lines and transduced RD polyclones using 85 genes differentially expressed between both PAX-FKHR and vector transduced RD polyclones and between fusion-positive and fusion-negative rhabdomyosarcoma cell lines. PAX3-FKHR and PAX7-FKHR transduced samples cocluster with cell lines derived from fusion-positive alveolar tumors, in contrast to vector transduced samples that cluster with the fusion-negative rhabdomyosarcoma cell lines.
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www.aacrjournals.org significance of these PAX-FKHR signature genes to the expression profiles of mARMS tumors, we compared this 81-gene PAX-FKHR expression signature to the 81 top-ranked differentially expressed genes between mARMS and mERMS tumors (ranked by t test statistic) and found 16 (20%) genes in common between the two gene lists (Supplementary Table S2 ). Notably absent from the PAX-FKHR expression signature are some of the top-ranked discriminating genes, such as TFAP2b, CDH3, and CNR1. The PAX-FKHR expression signature, depicted in a two-way hierarchical clustering dendrogram and corresponding expression matrix, shows that all of the mARMS tumors cluster on a separate branch of the dendrogram from the fusion-negative mERMS tumors ( Fig. 3A and B, respectively). As expected, fusion-negative ARMS tumors cluster with the ERMS tumors.
Gene Ontology and pathway analysis of the PAX-FKHR expression signature. To investigate the functional consequences of the PAX-FKHR expression signature, in terms of ''biological themes, '' we did overrepresentation analysis using the EASE program (29) . This type of analysis was aimed at identifying functional categories from the Gene Ontology (GO) and public gene annotation databases that are present in the PAX-FKHR expression signature more frequently than expected by chance alone (P < 0.05). GO categories overrepresented in both up-regulated and down-regulated components of the expression signature included ''development, '' ''morphogenesis, '' and ''organogenesis'' ( Fig. 3C ; Supplementary Table S5) . However, the up-regulated component differed from the down-regulated component with overrepresentation of GO terms ''cell adhesion, '' ''cell proliferation, '' ''programmed cell death, '' ''cell differentiation, '' ''apoptosis, '' and ''neurogenesis.'' In contrast, the down-regulated component showed overrepresentation of GO categories, such as ''muscle development'' and ''regulation of muscle contraction.'' Although the EASE analysis identified functional categories that were regulated by PAX-FKHR, it was not informative with respect to how the individual genes interact within signaling pathways. To identify gene networks regulated by PAX-FKHR, we used the IPA tool. This proprietary database devises networks based on gene associations derived from peer-reviewed publications (30) . We selected our PAX-FKHR expression signature to represent Focus Genes, which serve as nodes to derive biological networks that contain 35 genes. Of the 81 genes that comprise the PAX-FKHR expression signature, 49 mapped to four genetic networks that were generated according to statistical criteria using the IPA tool (Supplementary Tables S6-S11; Supplementary  Fig. S2 ). Ten to 13 expression signature genes were used to build each of the four networks, representing approximately a third of the genes within a given network. Two of the networks confirmed our observations from the EASE analysis. Network 1 included 13 PAX-FKHR expression signature genes in a 35-gene network that featured regulators of apoptosis ( Supplementary Fig. S2A ). Functional annotation of this network revealed overrepresentation of GO categories, such as ''cell proliferation'' and ''apoptosis'' NOTE: Genes in bold were used to create the prognostic 33 probe set metagene (Fig. 4) . *Gene expression up-regulated or down-regulated by ectopic PAX-FKHR expression. cReferences refer to articles that have characterized the gene as a wild-type PAX or PAX-FKHR target. bIn preparation.
www.aacrjournals.org (Supplementary Table S8 ). Network 4 featured MyoD as a central node and included 10 PAX-FKHR expression signature genes ( Supplementary Fig. S2D ). The GO categories of ''muscle development'' and ''regulation of cell cycle'' were overrepresented in this network (Supplementary Table S11 ). In summary, the EASE and IPA network data mining analyses indicate that the functional consequences of PAX-FKHR expression include repression of myogenic differentiation and maintenance of a proliferative state through regulation of apoptosis.
A subset of the PAX-FKHR expression signature predicts patient outcome. Establishing a correlation between the PAX-FKHR signature genes and patient survival would not only indicate their value for prognostic classification of ARMS but also show their relevance for tumor behavior. We observed by QRT-PCR analysis that although PAX-FKHR was expressed in all mARMS tumors their expression levels varied over an 80-fold range (Supplementary Fig. S1B ). Tumors were also heterogeneous with respect to patient survival (range, 0.9-11.47 years). However, PAX-FKHR expression itself failed to correlate significantly to patient survival in a univariate model (data not shown). Therefore, we hypothesized that downstream target genes (i.e., the PAX-FKHR expression signature) would be better suited to analyze patient survival in multivariate models. To test this, we used Cox regression modeling to identify genes from our PAX-FKHR expression signature whose expression was correlated with patient outcome in 50 mARMS tumor patients (those with available survival data). A Cox regression proportional hazards model was applied to the PAX-FKHR expression signature using leave-n-out sample crossvalidation. For each iteration, a randomly generated ''training'' subset of 25 patients was used to identify the best single-gene predictor of outcome, which was subsequently evaluated on the remaining ''test'' subset. This process was repeated to generate 2,500 cross-validated univariate models. A total of 57 probe sets (56% of the 102 PAX-FKHR expression signature probe sets) were used in at least one of the cross-validated models. The best singlegene predictor, TNNC2 (a muscle-specific troponin isoform), was used in about a third of all models. Five-year overall survival estimates from Kaplan-Meier analysis of the groups generated from splitting the samples about the median TNNC2 expression level were 30% and 70% (log-rank test, P < 0.02; Fig. 4A and B) . When patients with evidence of metastatic disease at presentation were omitted from the analysis, TNNC2 expression levels were still informative with respect to outcome (Fig. 4C) . However, we found that combining PAX-FKHR signature genes into multigene data vectors or ''metagenes'' greatly improved the statistical power of the resulting multivariate model compared with any single-gene bar in B) . B, the expression of each gene in each sample was normalized in the pseudocolored expression matrix based on the number of SDs above (red) and below (blue ) the median expression value (black ) across all samples. C, overrepresentation analysis of GO annotations shows functional categories enriched in the up-regulated and down-regulated components of the PAX-FKHR expression signature (red and blue columns , respectively) plotted by the negative log of the EASE score P. univariate model. Cox regression m 2 test statistics were determined for each multivariate model and showed that a 33-metagene model (representing 25 genes; Table 1 ) had the highest m 2 test statistic. Metagenes generated after sample permutations show that these results were not the result of chance alone (Supplementary Fig. S3 ). Further addition of PAX-FKHR expression signature genes to the model decreased the performance of the metagene due to the increased noise associated with genes that were not significantly correlated to outcome (see Supplementary Information) .
To evaluate the predictive power of the 33-metagene model, mARMS patients were split into three groups by their metagene scores (Fig. 4D) . Kaplan-Meier analysis revealed that patients in the first tertile (n = 17, red curve) had a 5-year overall survival estimate of 7% (Fig. 4E) . In contrast, patients in the second (n = 16; green curve) and third (n = 17; blue curve) tertiles had a 5-year overall survival estimate of 48% and 93%, respectively (log-rank test, P < 0.00001). The highest risk group was comprised entirely of patients with PAX3-FKHR tumors (Fisher exact, P < 0.001) and 6 of 14 patients with metastatic disease at presentation, although this was not statistically significant (Fisher exact, P < 0.48). The lowest risk group contained nearly the same number of patients with PAX3-FKHR (n = 8) and PAX7-FKHR (n = 9) tumors, but overall this group accounted for 56% of all PAX7-FKHR tumors (Fisher exact, P < 0.02). Similarly, event-free survival (EFS) at 5 years showed significant differences among the first, second, and third tertiles with EFS of 9%, 37%, and 86%, respectively (log-rank test, P < 0.0001; data not shown). Again, the metagene was still predictive after omitting patients with evidence of metastatic disease at diagnosis from the analysis (Fig. 4F) . Patients with nonmetastatic disease in the first, second, and third tertiles had an overall survival estimate at 5 years of 17%, 50%, and 100% (log-rank test, P < 0.001).
Adjusting for previously characterized prognostic factors, such as PAX-FKHR translocation variant, tumor size, patient age, anatomic site, and staging in a multivariate analysis, did not affect the performance of the metagene significantly (Table 2) . Therefore, the prognostic metagene identifies differences in patient outcome independent of other known prognostic variables. These results add to our understanding of ARMS tumor biology, because they link malignant tumor behavior (i.e., growth characteristics of ARMS D ) . B, C, E, and F, Kaplan-Meier survival analysis for all mARMS patients (B and E) and nonmetastatic mARMS patients only (C and F ) grouped by TNNC2 expression level median cut point (B and C ) or 33-metagene predictor tertiles (E and F ). Numbers below the curves, number of patients at risk in each group about the median (B and C ; red curve, below median; blue curve, above median) or tertile (E and F ; red curve, first; green curve, second; blue curve, third). P s are from statistical analysis of Kaplan-Meier survival curves by log-rank test.
www.aacrjournals.org cells) to a group of genes suggested to be regulated by PAX-FKHR in our expression array analyses. Therefore, the prognostic value of the PAX-FKHR signature ultimately proves its functional relevance for ARMS tumors.
Discussion
In this study, we used oligonucleotide microarray analysis to identify classes of ARMS tumors based on their expression profiles and to discover transcriptional targets of the PAX-FKHR fusion genes. We believe our results will be useful in elucidating the genetic components of this disease. Our studies show that fusionpositive ARMS are defined by an expression profile that distinguishes them from all fusion-negative rhabdomyosarcoma rather than by their morphologic appearance. A significant portion of this expression profile is dictated by PAX-FKHR as established by our in vitro model. We also show that a PAX-FKHR expression signature can be used to predict tumor behavior as assessed by clinical outcome, confirming the previously proposed correlation between PAX-FKHR expression and increased aggressiveness of ARMS (6, 7, 33, 34) .
Using microarray analysis, Wachtel et al. reported that rhabdomyosarcoma tumors can be divided into three molecular classes: embryonal, alveolar fusion-negative, and alveolar fusion-positive (35) . Their study used a small sample set (n = 29), and no crossvalidation was done. In contrast, our findings are based on a larger data set (n = 139), facilitating a high degree of reproducibility owing to the utilization of sample cross-validation techniques. The data from our microarray clustering and QRT-PCR analyses show that histologically isomorphic ARMS tumors form two molecular classes of tumors, those that express PAX-FKHR and those that do not. Furthermore, in contrast to Wachtel et al., we find that fusionnegative alveolar tumors share a common expression profile with the other fusion-negative rhabdomyosarcoma variants. These findings are further supported by whole genome loss-of-heterozygosity and immunohistochemical analyses. 11 Collectively, our data support the reevaluation of the current histology-based classification scheme to include findings from genome-wide expression analyses of rhabdomyosarcoma tumors.
Although previous genome-wide studies aimed at identifying PAX-FKHR target genes have been reported (14) (15) (16) , the relevance of these genes to the expression profiles of primary ARMS tumors was not confirmed. In our study, the differentially expressed PAX-FKHR target genes identified in vitro were screened against those genes differentially expressed between fusion-positive ARMS and fusion-negative rhabdomyosarcoma tumors. Our approach is analogous to the one taken by Hu-Lieskovan et al., wherein they identified EWS-FLI1 target genes using an in vitro model and primary Ewing's tumor samples (36) . Taking this approach, we identified a PAX-FKHR expression signature with a significant overlap with the top-ranked discriminators of molecular class (i.e., between mARMS and mERMS tumors). This overlap suggests that a significant portion of the variation in gene expression found between the two molecular classes of rhabdomyosarcoma can be directly attributed to a PAX-FKHR transcriptional response. However, many of the genes differentially expressed between fusionpositive and fusion-negative rhabdomyosarcoma tumors, but absent from the PAX-FKHR signature, can conceivably be attributed to other sources of genetic variation at the transcriptional level, such as the genetic backgrounds of the yet unidentified rhabdomyosarcoma progenitor cells (32, 37, 38) .
Overrepresentation analysis provided us with a statistical means to comprehend the biological themes associated with our PAX-FKHR expression signature. Genes down-regulated by PAX-FKHR were overrepresented by ''muscle development'' and ''muscle contraction.'' This is in contrast to Khan et al., who found induction of a myogenic transcription program in NIH3T3 transduced with PAX3-FKHR (14) . This myogenic transcription program included genes, such as ACTC, MYL1, MYOG, SNAI2, and TNNC2. We found all of these genes to be down-regulated in our model system. One gene, PRRX1, found by Khan et al. to be repressed was actually upregulated in our model system. This suggests that in the myogenic RD background, in contrast to the nonmyogenic NIH3T3 background, PAX-FKHR expression represses myogenic differentiation as has been shown previously for PAX3 and PAX3-FKHR in C2C12 myoblasts (39) . Despite the down-regulation of a large number of myogenesisrelated genes, MyoD was expressed 2-fold higher in PAX-FKHR transduced RD compared with vector control. This confirms our recent finding that MyoD is a PAX-FKHR target gene. 12 This apparent discrepancy can be explained by findings from a recent report that showed that MyoD regulates distinct subsets of genes in proliferating versus differentiating myoblasts (40) . The authors also used EASE analysis and found that in proliferating myoblasts the GO categories ''synaptic transmission'' and ''transmission of nerve impulse'' were overrepresented within MyoD target genes. In contrast, in terminally differentiating myotubes, the GO categories ''muscle development, '' ''muscle contraction, '' and ''regulation of striated muscle contraction'' were overrepresented within MyoD target genes. These results are remarkably similar to our findings. We speculate that following MyoD induction by PAX-FKHR only a subset of MyoD target genes is activated, similar to those found in proliferating myoblasts where ''neural phenotype'' GO categories were overrepresented in the MyoD expression signature. PAX-FKHR, possibly through activation of MyoD, may promote a limited degree of myogenic determination and at the same time actively repress myogenic differentiation (as assessed by the expression of markers of muscle terminal differentiation, such as MYL2 and TNNC2; refs. 41, 42) . MyoD was in fact a central node in one of the IPA networks that included the cell cycle G 1 -S regulator RB1 as well as MYOG, HDAC5, TWIST1, ID2, GDF8, and IGF1. These genes are all involved in regulating the transition between proliferating and differentiating myoblasts (2, 40, 43) . HDAC5, for example, is a crucial regulator of myogenic differentiation, acting as a transcriptional corepressor for MEF2C at MyoD target gene promoters (44) . Other previously described MyoD downstream target genes, such as ASS, PKIA, and TNNC2 (41), were also part of this network and of the PAX-FKHR expression signature.
Overrepresentation analysis identified the GO categories ''programmed cell death, '' ''apoptosis, '' and ''cell proliferation.'' Confirming this, pathway analysis yielded a network that integrated genes involved in suppressing apoptosis [e.g., up-regulation of MYCN (45) and down-regulation of IGFBP3 (46)] and promoting cell survival [e.g., down-regulation of DUSP4 (47) and SPRY4 (48) and upregulation of FGFR4 (49)]. In addition, some of these genes, such as FGFR4 and PRKCA, seem to play dual roles in myogenic cells, serving to both repress differentiation and promote cell survival (50, 51) . Repression of myogenic differentiation and activation of cell survival pathways, therefore, seem to be hallmarks of the PAX-FKHR-mediated transcriptional program.
Previous work with a similar in vitro model system showed that ectopic PAX3-FKHR expression in ERMS cell lines (including RD) leads to increased tumorigenicity and aggressiveness in mouse tumor models (33) . We could not, however, correlate PAX-FKHR mRNA expression to mARMS patient survival. Instead, we found that a third of the PAX-FKHR expression signature (i.e., the 33-metagene) could identify outcome differences in mARMS patients. This shows that a PAX-FKHR transcriptional program plays an important role in determining not only the molecular phenotype but also the clinical behavior of ARMS tumors. In addition, these results lend further support to the validity of our approach to identify PAX-FKHR target genes that are biologically relevant to primary ARMS tumors.
The clinical relevance of making accurate diagnoses and predicting outcome in rhabdomyosarcoma is not trivial, as some of the progress made in rhabdomyosarcoma treatment over the last 30 years is overshadowed by misdiagnosis that often leads to suboptimal treatment of patients (52, 53) . The diversity of outcomes for rhabdomyosarcoma patients has led to an intense search for prognostic indicators useful for therapeutic stratification. Currently, the most useful prognostic variables are the extent of disease at presentation, age at diagnosis, anatomic site, and histology (54) . Studies involving other malignancies have successfully used expression profiling, including techniques, such as Cox regression modeling, for patient risk stratification based on the expression of a few genes (55, 56) . The 33-metagene developed in this study clearly discriminates ARMS patients into risk groups, the lowest-risk group with a 5-year overall survival estimate of 93% and the highest-risk group with a 5-year overall survival estimate of only 7%. In addition, multivariate analysis showed that the 33-metagene is predictive of patient outcome independent of known clinical risk factors. When we excluded metastatic disease patients, we still found significant differences in outcome among the nonmetastatic patients, suggesting that the PAX-FKHR transcriptional program is a major determinant of outcome independent of the clinical manifestation of metastases. Our analysis also indicates that the expression pattern of just a single gene, such as the skeletal muscle-specific troponin isoform, TNNC2, can provide prognostic information, which could be amenable to a routine clinical assay (i.e., QRT-PCR). In conclusion, it seems that the PAX-FKHR expression signature genes can be used for patient risk assessment, yet its clinical usefulness has ultimately to be proven by prospective evaluation. Finally, new targeted therapies are needed to treat those tumors that do not respond to traditional modalities, especially within the subgroup of highly metastatic ARMS tumors. The identification of a defined group of genes regulated in a tumor type-specific manner, as described by our study, may provide promising candidates for such gene-specific therapies.
